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C
annabinoids are one of the most commonly used and abused drugs. 1 The major psychoactive cannabinoid in marijuana, D
9
-tetrahydrocannabinol (THC), exerts unique effects on the progression of simian immunodeficiency virus (SIV) infection. Previous studies from our laboratory have shown that chronic THC administration ameliorates SIV disease progression and significantly reduces the morbidity and mortality of male SIV-infected macaques. 2, 3 Several organ systems are affected by cannabinoids, including the gastrointestinal tract, the immune system, and the central nervous system. Furthermore, THC can affect numerous cell signaling and effector mechanisms that contribute to the overall systemic response to infection and disease progression, including viral entry into host cells, integration into the host genome, viral replication, and tissue inflammation. 3 Recent studies have identified the gut-associated lymphoid tissue (GALT) as an important target for HIV and SIV infection. 4 The early depletion of gut CD4 + T cells following infection and their subsequent restoration following initiation of antiretroviral therapy have been demonstrated in serial jejunal biopsies. 5 Moreover, individuals with controlled viral disease, or nonprogressors, show better maintenance of
GALT CD4
+ T cells during the course of HIV infection. 6 Others have suggested that viral replication in this immune compartment serves as a viral reservoir in individuals with controlled disease. 7 Thus, this immunological site is a critical window that allows better evaluation of cellular responses to SIV infection than circulating lymphocyte profiles alone. The impact of chronic cannabinoid administration on gut mucosal immunity and viral changes during SIV infection is not known. However, the presence of cannabinoid receptors (CBR) in the myenteric and submucosal plexus of the gastrointestinal tract 8, 9 suggests a potential role for cannabinoids in modulating gastrointestinal responses to infection. Cannabinoids have been demonstrated to modulate gastrointestinal functions including gastrointestinal motility, intestinal secretion, and gastric acid secretion. 10, 11 In particular, the type-2 cannabinoid receptor (CB2R) has been linked directly to anti-inflammatory effects in the gastrointestinal tract. This raises the possibility that cannabinoids may modulate gastrointestinal flora and the GALT immunophenotype, 12 a notion that is also supported by studies showing the efficacy of high doses of cannabinoid agonists on inhibition of inflammatory responses associated with colitis. [13] [14] [15] [16] We hypothesized that cannabinoid immunomodulatory effects may confer gastrointestinal protection from localized activation of inflammation in SIV-infected animals, potentially reducing tissue injury associated with enhanced viral replication in GALT. The aim of this study was to investigate the consequences of chronic THC administration on gut-localized mechanisms of host response to SIV infection in male rhesus macaques. A systems biology approach was used to identify salient pathways and networks of functional modifications, their correlation with viral kinetics, and their functional significance as they pertain to host-pathogen interactions involved in SIV disease progression.
Materials and Methods
All experiments were approved by the Institutional Animal Care and Use Committee at Louisiana State University Health Sciences Center in New Orleans and adhered to the NIH Guide for the Care and Use of Laboratory Animals. Four-to six-year-old male Rhesus monkeys (Macaca mulatta) obtained from the New Iberia Primate Center, LA, were housed individually in aluminum cages (BREC, Inc., Bryan, TX) in a Biosafety Level-2 (BSL-2) containment room maintained on a 12h:12h light-dark cycle at approximately 22°C with 30-70% relative humidity. Animals were fed standard primate chow (Formula 2050, Harlan Teklad, Madison, WI), vitamins, and fruits.
Animal selection criteria
Health status was determined by (1) a complete physical examination performed by a veterinarian, (2) a complete blood count (CBC) and serum chemistries, and (3) negative status for simian retrovirus [Genetic amplification (nested polymerase chain reaction, PCR) of DNA, enzyme immunoassay, and Western immunoblot], and simian T-lymphotropic virus-1 (EIA and Western immunoblot) based on assays performed by the Pathogen Detection Laboratory (California National Primate Research Center, Davis, CA). To reduce and refine the use of nonhuman primates in our research project, in vitro assessment of viral kinetics was used to stratify animals according to the rate of peripheral blood mononuclear cell (PBMC) infectivity. 2, 17 The rate of in vivo disease progression has been correlated to the capacity of PBMCs to express reverse transcriptase activity following in vitro infection. Using this information, slow and fast progressors were equally distributed across the vehicle-treated (VEH) (N = 4) or cannabinoid-treated (THC) (N = 4) groups, achieving a more homogeneous cohort for study based on viral replication kinetics. This approach has been used previously to decrease variability between the experimental groups and enhance the ability to evaluate the impact of cannabinoid use as a cofactor of disease progression in our sample size.
2,18
Cannabinoid administration and blood and tissue sampling After a 3-month quarantine period, training on a behavioral procedure, and the establishment of acute dose-effect curves for THC in all of the subjects, they were divided into two groups, and chronic THC or vehicle (VEH) administration was initiated. THC was obtained from the National Institute on Drug Abuse (Research Technical Branch, Rockville, MD) in 100% ethanol at a concentration of 200 mg/ml. Upon arrival, this solution was lyophilized, stored in aliquots at -20°C, and prepared as an injectable emulsion using alcohol, emulphor, and saline (1:1:18) when needed. Chronic administration of THC occurred twice daily at 8:00 a.m. and 6:00 p.m., and was incremented from 0.18 to 0.32 mg/kg over a 2-week period. The chronic dose remained 0.32 mg/kg thereafter. Intramuscular administration was chosen to reduce experimental variability. This protocol of THC administration produces similar neurobehavioral disruptions as seen following smoked marijuana in humans and produces tolerance to these disruptions over time. 19 Time-matched controls received intramuscular injections of equal volumes (0.05 ml/kg) of vehicle. Care was taken to avoid repeated injections in the same site on an animal's leg to reduce the risk of inflammation or necrosis. This protocol of administration was well tolerated by the animals. These animals were used in previous studies of THCmediated alterations in lymphocyte subpopulations. 20 Approximately 17 months (range 14.2-17.0 months; average 16.6 -0.83) after initiating chronic THC or VEH administration, blood samples and duodenal biopsies were obtained for determination of lymphocyte populations. Briefly, animals were anesthetized, intubated, and maintained with isoflurane throughout the procedure. Heart rate and oxygen saturation were monitored throughout the procedure. An 8.6-mm flexible endoscope (GIF-Q180, Olympus America, Inc.) was passed through a mouth gag and directed down the esophagus into the stomach. The stomach was distended with air to aid in visualization of the pylorus. The endoscope was directed through the pylorus into the small intestine. Once past the major duodenal papilla, gut mucosal biopsies were obtained with a 2.4-mm biopsy instrument by inserting it through the biopsy channel of the endoscope and into the duodenum.
SIV infection
Animals were inoculated intravenously with a 100 TCID 50 dose of SIV MAC251 (50% tissue culture infective dose). The progression of SIV disease was monitored throughout the study period with clinical and biochemical parameters. Following SIV infection, only one of the VEH/SIV animals developed clinical signs of disease including weight loss greater than 5% of basal, secondary infections that required antibiotic treatment, neurological manifestations of disease, severe diarrhea, or dehydration at approximately 5 months postinfection. All animals were euthanized at this time point, and a general necropsy was performed as previously described. 19 At necropsy, duodenal samples were excised, washed with phosphate-buffered saline (PBS) supplemented with penicillin and streptomycin, and either used for cell isolation, flash-frozen for later analysis, or fixed in zinc-buffered formalin and embedded for immunohistochemistry and histology. In further attempts to reduce and refine the numbers of nonhuman primates used, duodenal samples were also obtained from three male rhesus macaques that had not been infected with SIV or treated with THC and were euthanized as part of a separate study (Tissues provided by Dr. Peter Didier, Tulane National Primate Research Center). These tissues were used as controls for the microarray analysis.
Duodenal cell isolation
Duodenal samples obtained endoscopically and those collected at the time of necropsy were collected in RPMI-5 (RPMI 1640 supplemented with 100 U/ml penicillin, 100 lg/ ml streptomycin, 2 mM glutamine, 25 mM HEPES, and 5% FBS) on ice and used for determination of lymphocyte populations by flow cytometry. The tissue was washed with complete Hanks' balanced salt solution (Hanks' balanced salt solution supplemented with 100 U/ml penicillin, 100 lg/ml streptomycin, 2 mM glutamine, 25 mM HEPES, and 5 mM EDTA) and incubated on a rocker at 37°C in an atmosphere of 5% CO 2 for 30 min. Tissue samples were then centrifuged, resuspended in serum-free complete RPMI with 60 U/ml collagenase, and incubated on a rocker at 37°C in an atmosphere of 5% CO 2 for 60 min. Tissue samples were then centrifuged, resuspended in RPMI-5, and filtered. Duodenal lymphocytes were isolated for flow cytometry using Percoll density gradient centrifugation. All reagents for cell isolations were purchased from Gibco (Invitrogen, Carlsbad, CA).
Flow cytometry
Complete and differential blood counts were performed using a Beckman Coulter LH755 for total leukocyte counts and Wright-Giemsa staining of blood smears for leukocyte differentials. Blood lymphocyte and duodenal subsets were determined by flow cytometric analysis using monoclonal antibodies and isotype controls. Antibodies were purchased from BD Biosciences (San Jose, CA), with the exception of antihuman CD4 (eBioscience, San Diego, CA). Erythrocytes were lysed using Lysis Buffer (BD Biosciences) according to the manufacturer's instructions and samples were washed twice with PBS. Samples were fixed with 1% paraformaldehyde in preparation for analysis. Cells were acquired by the LSUHSC Comprehensive Alcohol Research Center Core Laboratory on a BD LSRII flow cytometer (BD Biosciences), and analysis was performed using FACSDIVA version 6.1.3 software (BD Biosciences) (Figure 1 ).
Viral quantification
Plasma and tissue viral loads were determined by a quantitative real-time PCR assay (qPCR) that targets a highly conserved region of SIV gag in blood samples obtained at discreet time points post-SIV inoculation and in duodenal tissue samples obtained through endoscopy prior to SIV infection and at necropsy. Virus particles were isolated from 1 ml plasma by centrifugation at 20,000 · g for 60 min, and viral RNA was purified with Trizol reagent (Life Technologies, Grand Island, NY) according to the manufacturer's directions and resuspended in 30 ll water. For the isolation of RNA from tissues, flash-frozen samples of duodenal tissue were homogenized in Trizol reagent, purified, and resuspended in water at approximately 20 ng/ll. DNA was isolated from tissues and from cryopreserved PBMCs using a Wizard genomic DNA isolation kit (Promega, Madison WI), and approximately 80 ng of total DNA was added to each of the duplicate qPCR assays to determine proviral levels.
For measures of viral RNA, one-tenth of the total RNA isolated from plasma samples and 50-100 ng of RNA prepared from tissue samples were assayed in duplicate reversetranscriptase qPCR reactions (RT-qPCR). Samples were reverse-transcribed using a TaqMan Gold RT-PCR kit (Applied Biosystems, Life Technologies, Grand Island, NY), which contained Multiscribe reverse transcriptase and random hexamers. The 10 ll reaction was incubated at 25°C for 10 min and 95°C for 5 min to generate cDNA. SIV targets were amplified by overlaying each cDNA with a master mix (15 ll) containing TaqMan Gold reagents (Applied Biosystems), as well as 450 nM SIV gag specific forward and reverse primers and 200 nM FAM-labeled SIV gag probe onto the RT reaction (Table 1) . DNA measures were done similarly, with omission of the RT step, using 25 ll total reaction volume.
Amplification was performed in an ABI 7300 RT-PCR detection system (Applied Biosystems) with an initial incubation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. The threshold cycle (C t ) at which fluorescence was greater than background was identified, and the SIV copy number in each sample was determined by extrapolation from a standard curve generated from serial dilutions of either an SIV gag RNA or DNA template. Viral RNA levels in tissue or PBMCs were normalized to measures of rhesus GAPDH mRNA (TaqMan gene expression assay #891279, Applied Biosystems) in the sample, and were expressed as SIV RNA copies/lg mRNA. Proviral levels were normalized to cell numbers using a DNA target present at two copies/cell (RNase P TaqMan control reagents #4316844, Applied Biosystems) and expressed as proviral SIV copies per 10 5 cells. The RNA and DNA qPCR assays have been validated to have a sensitivity of one copy, with the limit of reproducible quantification at five copies of SIV/reaction in the background of either 100 ng of DNA or RNA. This translates to a quantification limit of 50 copies SIV/ml of plasma, 50 copies SIV/lg mRNA, or 50 proviral copies in 10 5 cells. For statistical comparisons, viral loads were log 10 transformed.
Microarray
All genomic analyses were done at the LSUHSC/LCRC Genomic Facility. Total RNA was extracted from frozen duodenal tissues using an RNeasy minikit (Qiagen, Valencia, CA) according to the manufacturer's instructions. RNA quantity and quality were assessed by NanoDrop v.3.3.1 (Thermo scientific, Wilmington, DE) and by the Agilent 2100 BioAnalyzer, respectively, prior to hybridizing to Illumina
HumanWG6_v3 chips, following the manufacturer's instructions and as previously described. 20 After removing the background noise obtained by irrelevant probes ( p < 0.05), we obtained close to 6,100 genes relevant to the experiment. The signal was normalized using the cubic spline algorithm, which assumes that target signal intensity is normally distributed among replicates of the same condition, and the groups were compared using the Illumina Custom algorithm with multiple testing corrections using the BenjaminiHochberg false discovery rate (FDR) method. The comparison of the treatment groups (THC/SIV and VEH/SIV) was based on the ratio between their signals and the signal of the tissues from control animals (non-THC, non-SIV). Additional analysis was performed directly comparing gene
Representative FACS plots of gating strategy of duodenal T cell populations. Lymphocytes (LY) were first gated on forward and side scatters (A), followed by CD3 versus CD20 (B) to eliminate B lymphocytes. CD3
+ cells were then distinguished as either CD4 + or CD8 + (C) T cells. Central memory (CD95 + CD28 + ) and effector memory (CD95 + CD28 -) CD4 + and CD8 + T lymphocytes (D) were further analyzed for integrin b7 expression (E). Chemokine receptors CXCR4 (CD184) and CCR5 (CD195) expression was also quantified for both CD4
+ and CD8 + T lymphocytes (F). expression in the THC/SIV vs. VEH/SIV groups. Metacore software (Thomson Reuters, Philadelphia, PA) was used to compare the differentially expressed gene profiles in both groups based on ratios less than 0.5 and higher than 2.0, as described previously. 21 Gene Ontology analysis was conducted to elucidate biological processes enriched with the genes found to be differentially expressed in duodenal tissues from THC/SIV versus VEH/SIV animals.
Duodenal cytokine content determination by Luminex-based multiplex immunoassay
Luminex immunoassays were carried out using a nonhuman primate multiplex cytokine assay kit (Millipore, Billerica, MA) according to the manufacturer's recommended protocols and as previously used by our laboratory. 2 
Immunohistochemistry/confocal microscopy
For immunofluorescence studies, 6-lm formalin-fixed, paraffin-embedded tissue sections were first deparafinized, rehydrated in a descending series of ethanol, and pretreated in a microwave with citrate buffer (antigen unmasking solution; Vector Laboratories, Burlingame, CA) for 20 min at high power according to the manufacturer's instructions. Sections were stained with the appropriate primary and secondary antibody as well as hematoxylin and eosin to microscopically assess the histological status of the tissue. Briefly, slides were blocked with 100 ll of blocking buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3% BSA, 10% normal goat serum, and 0.1% Triton X-100) for 1 h followed by a 1-h incubation at room temperature with rabbit polyclonal active caspase-3 primary antibody (1:200 dilution) (Abcam, Cambridge, MA). The slides were washed three times in buffer (10 mM TrisHCl, pH 7.5, 150 mM NaCl, and 0.1% Triton X-100) followed by the addition of goat antirabbit secondary antibody conjugated to Alexa fluor 488 (1:1,000; Life Technologies, CA). This was followed by mouse anticytokeratin (IgG1 cytokeratin at 1:25; Biocare Medical, Concord, CA) at room temperature for 1 h. The slides were washed three times and incubated for 1 h with goat antimouse secondary antibody conjugated with Alexa Fluorophor 568 (1:1,000). Slides were also incubated with ToPro3 (1 in 1,000) to stain nuclei. Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped with three lasers (Leica Microsystems, Exton, PA). Individual optical slices represent 0.2 lM and 32-62 optical slices were collected at 512 · 512 pixel resolution. NIH Image (version 1.62) and Adobe Photoshop (version 7.0) were used to assign colors to the three channels collected: Alexa 568 (Life Technologies, CA) was red, Alexa 488 (Life Technologies, CA) was green, and the differential interference contrast (DIC) image was in gray scale. The three channels were collected simultaneously. Images were reviewed and scored by a blinded investigator.
Statistical analysis
All data are presented as mean -SEM for control (N = 3), VEH/SIV (N = 3-4), or THC/SIV (N = 4). For viral load (log 10 transformed values), CBC, cytokine expression, and flow cytometric data, significant differences between VEH/SIV and THC/SIV values at pre-SIV and at necropsy time points were established by two-tailed unpaired Student's t-test.
Results
SIV infection
Approximately 17 months after receiving chronic THC or VEH administration, male rhesus macaques were inoculated intravenously with SIV MAC251 . The progression of SIV disease was monitored throughout the study period via clinical and biochemical parameters. Circulating viral load in the THC/SIV and VEH/SIV animals averaged 5.2 -0.5 and 5.8 -0.4 log SIV RNA copies/ml, respectively, at 2 months postinfection (data not shown). At the time of necropsy, plasma viral loads were increased over those measured at set point by 1 log in the VEH/SIV animals, while a more modest average increase of 0.55 log was observed in the THC/SIV group. PBMC proviral load was also lower in THC/SIV animals at necropsy (2.6 -0.1 versus 3.0 -0.2 log/10 5 cells) (Fig. 2) . Similarly, in duodenal tissue samples obtained at necropsy, mean SIV RNA levels were 1 log lower in the THC/ SIV group (5.0 -0.4 vs. 6.1 -0.7 RNA log copies/lg tissue mRNA) with proviral DNA copies also reduced in THC/SIV animals compared to VEH/SIV animals (2.3 -0.7 vs. 2.7 -0.7 log viral copies/10 5 cells). Differences in viral load and proviral DNA levels did not reach statistical significance.
Only one of the animals (VEH/SIV) met the clinical criteria for necropsy. Histopathological examination revealed more frequent evidence of an immunocompromised status in the VEH/SIV (3/4) animals than in the THC/SIV groups (0/4) ( Table 2 ). Specifically, one VEH/SIV animal showed CMV inclusions in duodenal tissue (Fig. 3) .
Complete and differential blood counts and lymphocyte subsets
Overall, chronic THC treatment did not result in significant modulation of peripheral white blood cell count, differential, or hematocrit values ( (Tables 4 and 5 ). Otherwise, no significant differences in lymphocyte subpopulations were noted prior to SIV infection.
SIV infection resulted in a marked 30% drop in percent circulating CD4 + T cells in both THC/SIV and VEH/SIV animals by 2 months (data not shown). In duodenum, the %CD4 + T cells was approximately 85% lower than pre-SIV values in gut pinch biopsies obtained from both experimental groups (data not shown). At necropsy (*5 months post-SIV), there were no differences between VEH/SIV and THC/SIV groups in the number of peripheral blood CD4 + or CD8 + T lymphocytes, the CD4/CD8 ratio, or in CCR5 or CXCR4 surface expression on these cells (Table 4) . Duodenal lymphocyte populations isolated from intact tissue at the time of necropsy showed significantly higher duodenal CD4
+ central memory T cells (T CM ; CD95 + CD28 + ) b7 + , and CD8 + T CM in the THC/ SIV versus the VEH/SIV animals. Otherwise, there were no significant differences in duodenal tissue CD4 + or CD8 + T lymphocyte counts or subsets between VEH-and THC-treated animals prior to SIV infection or at the time of necropsy.
Duodenal cytokine expression
At the time of necropsy, duodenal tissue showed significantly higher expression of interleukin (IL)-4, IL-5, IL-6, and IL-13 in the THC/SIV animals than those of VEH/SIV animals (Table 6) . A similar trend was observed for IL-2, tumor necrosis factor (TNF)-a, and vascular endothelial growth factor (VEGF), but the differences failed to reach statistical significance.
Gene microarray
Using an Illumina Custom algorithm to compare gene expression ( p-value filter of £ 0.05), up-regulated (N = 96; > 2-fold higher) or down-regulated (N = 178; > 2-fold lower) genes were identified in gut samples from the VEH/SIV and control groups. Of these, six genes (PPP1R1A, PRSS23, ZNF358, PRSS7, KIAA0427, PLEKHO1) were significantly ( p < 0.05) different between the tissues of the THC/SIV and VEH/SIV groups. Using gene ontology analysis, 10 cellular physiological processes or signal transduction pathways were identified as significantly enriched by these genes (Table 7) . These findings were indicative of specific major domains that could be differentially modulated by THC in the SIV-infected animals: (1) regulation of apoptosis, (2) cell survival, proliferation and morphogenesis, and (3) energy and substrate metabolic regulation. Additional analysis contrasting gene expression in VEH/ SIV vs. THC/SIV showed 93 genes differentially expressed between THC/SIV and VEH/SIV animals. Of these, 45 were more than 2-fold higher in the THC/SIV animals than in the VEH/SIV animals. Pathway analysis of the 93 differentially expressed genes primarily reflects metabolic processes involved in muscle contraction being the most enriched in the THC/SIV animals ( Table 7) . Gene network processes included protein folding, cytoskeleton remodeling, cell adhesion, and cell signaling (not shown).
Histology and immunohistochemistry
To obtain functional evidence that THC-mediated modulation of gene expression in duodenal samples exerted antiapoptotic effects, we performed immunofluorescence studies to detect cells that stained positive for active caspase-3. As shown in Fig. 4 for a representative animal from the VEH/ SIV group, an increased number of crypt cells stained positive for active caspase-3. In contrast, fewer crypt cells stained positive for active caspase-3 in the duodenum of the representative THC/SIV animal. These results suggest that THC may protect intestinal crypt epithelial cells from apoptosis. Staining for ZO-1 and occludin to determine if THC modulated the intestinal epithelial barrier did not reveal any significant differences between the two groups.
Discussion
This study investigated the modulatory effects of chronic THC administration on gut-localized mechanisms of host response to SIV infection in male rhesus macaques. Our results show that chronic THC administration attenuated the percentages of circulating CXCR4 + CD8 + T lymphocytes and decreased the percentages of duodenal CCR5 + CD8 + T lymphocytes preinfection. Moreover, duodenal tissues from chronic THC-treated SIV-infected macaques had increased duodenal CD4 + T CM ß7 + and CD8 + T CM lymphocytes, attenuated gut viral load, and a significant shift in cytokine expression favoring a type-2 helper T cell (Th2)-type profile at the time of necropsy. These immunomodulatory effects of chronic THC administration were associated with significant differences in duodenal tissue gene expression, which by gene ontology analysis strongly suggests an overall antiapoptotic and, possibly, proliferative or regenerative effect on the gut tissues. This was partly confirmed with the observation that apoptosis in epithelial crypt cells from THC/SIV animals was markedly less than that seen in VEH/SIV animals. These findings suggest that local gut mechanisms may contribute to chronic THC modulation of SIV disease progression.
Chronic THC administration prior to SIV infection decreased the percentages of the CCR5 + CD8 + duodenal cell population as measured by flow cytometry. CCR5 is a chemokine receptor for b chemokines, RANTES, and macrophage inflammatory protein (MIP)-1a and MIP-1b as well as coreceptor for HIV. [22] [23] [24] While the role of CCR5 on CD4 + Gene ontology processes significantly enriched with genes (N = 6) differentially regulated between THC/SIV and VEH/SIV using a control uninfected group as reference (Top). The bottom panel reflects top ranking processes enriched with genes (N = 93) differentially regulated in duodenal tissues from THC/SIV vs. those obtained from VEH/SIV animals.
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T cells in HIV infection has been extensively researched, very little is known about the role of CCR5 + CD8 + T cells. CCR5 may facilitate the migration of CD8
+ memory cells to sites of inflammation or to lymphoid tissues. 25 The lower percentage of this cell population in the THC/SIV animals could reflect reduced levels of inflammation in subjects chronically treated with THC. In addition, a trend toward greater percentages of CXCR4 + CD4 + T cells was noted in the duodenal tissues of the THC/SIV group at the time of necropsy. These cells are not targets of SIV infection in rhesus macaques. 26 However, CXCR4 + CD4 + T cells may be an important source of CD4 + T cell help and renewal that could potentially improve resistance to SIV infection.
Our results demonstrated that chronic THC administration preserved T CM cell populations and resulted in significantly greater percentages of gut CD4
+ and CD8 + T CM cells in the THC/SIV group than the VEH/SIV group at the time of necropsy. This is consistent with the reduced levels of SIV seen in these tissues and the attenuation of SIV disease and improved immunocompetence in the THC-treated group. Maintenance of the central memory T cell pool is critical for continued production of effector memory T cells. SIV exploits the large population of memory CD4 + T cells in the effector arm of GALT as the primary target for replication and depletes this cell population by direct and indirect mechanisms. 27 We speculate that chronic THC administration may directly or indirectly promote the maintenance of the central memory T cell pool in the gut mucosa, possibly by preservation of T cell homeostasis in these tissues.
Based on our previous observations of attenuated inflammatory cytokine expression in brain tissues of THC/SIV animals, 19 we predicted a similar pattern would emerge in duodenal tissues. In contrast, significantly higher expression of IL-4, IL-5, IL-6, and IL-13 was detected in duodenal tissues of the THC/SIV animals than in those from VEH/SIV animals. A similar trend was observed for IL-2, TNF-a, and VEGF. Overall, this pattern of cytokine expression reflects a shift toward a Th2-type phenotype, consistent with previous reports of cannabinoid-mediated enhancement of Th2 cytokine expression. [28] [29] [30] [31] [32] [33] [34] [35] [36] While IL-6 is widely regarded as a proinflammatory cytokine, it also has regenerative and antiinflammatory properties, and plays a crucial role in the development of particular CD4
+ T cell subsets including T follicular helper (TFH) cells, IL-17-secreting CD4 + T cells (Th17 cells), and regulatory T cells (Tregs). 37, 38 The preferential expression of Th2 cytokines could have contributed to control of local viral replication, particularly the increase in IL-13 and IL-4, which have been shown to inhibit monocyte production of proinflammatory cytokines and to inhibit HIV-1 replication in macrophages. 39 Thus, the observed cytokine profile, in conjunction with the attenuated viral load in duodenal tissues of THC/SIV animals, suggests an immunomodulatory process that more effectively controlled viral replication. Support for an immunomodulatory role for cannabinoids comes from reports in the literature of protective effects of cannabinoids in other animal models of gastrointestinal inflammation. 13, 14, 16, 40 In addition to the cytokines discussed above, THC/SIV animals demonstrated nearly 2-fold higher concentrations of IL-17. IL-17 may be produced by a variety of cell populations, including CD4 + Th17 cells, CD8 + Tc17 cells, and innate lymphoid cells. Evidence suggests that subsets of IL-17-secreting cells are important for elite control of HIV and SIV infection. 37, [41] [42] [43] [44] For example, experimental evidence has suggested a role for IL-17 in the maintenance of gut mucosal integrity and demonstrated that significant depletions of IL-17-secreting cell populations in chronic SIV infection correspond to increased viral load and disease progression. 37, [41] [42] [43] [44] Healthy nonhuman primates maintain higher frequencies of Th17 cells in the gut mucosa following SIV infection, and once depleted in SIV-infected macaques, these T cell subsets are not reconstituted. 41 Even though the difference in IL-17 content between the THC/SIV and VEH/ SIV groups did not reach statistical significance, cannabinoid-mediated effects on IL-17-secreting cell subsets may be a potential mechanism for THC-mediated attenuation of SIV disease progression and warrant further investigation.
Exploratory microarray analysis revealed a significant number of genes to be differentially expressed in the duodenal tissues of SIV-infected animals when compared to tissues of naive uninfected controls. To identify the most salient changes, we limited gene analysis to those that were not only statistically different, but to those for which the difference in expression was 2-fold higher or lower in tissues from SIV-infected animals as compared to tissues from naive control animals. Using that algorithm, only six genes were shown to have differential duodenal expression between the VEH/SIV and THC/SIV groups. Gene ontology analysis identified their significant representation in processes involved in apoptosis and in proliferative or regenerative signaling categories. While we did not confirm gene expression, we obtained functional verification of the relevance of the apoptosis pathway. Expanded analysis of differential gene expression produced a larger number of genes of interest. However, as shown in Table 7 , the processes enriched with these genes were less relevant to disease progression than those identified with a more stringent approach.
In line with the processes identified by GeneGo analysis, our results showed increased numbers of active caspase-3-positive cells localizing to the crypt compartment of the duodenum, particularly in VEH/SIV animals. In contrast, very few active caspase-3-positive cells were detected in the duodenal crypts of the THC/SIV animals, suggesting marked protection from apoptosis by THC. These results are in agreement with a recent report describing decreased TNF-a production and a reduction in the amount of cleaved caspase-3 in colonic epithelial cells following cannabidiol treatment in a mouse model of LPS-induced intestinal inflammation. 45 Moreover, these results suggest additional protective roles for cannabinoids on intestinal epithelial cell proliferation and regeneration, maintenance of the integrity of the epithelial layer, and possibly a preservation of intestinal barrier function; however, this remains to be determined.
Disruption of the intestinal barrier has been proposed as a mechanism that facilitates translocation of intestinal bacteria and bacterial products leading to systemic immune activation/ inflammation thereby driving AIDS progression. 46 Others have found a role for the endogenous cannabinoid system in the maintenance of intestinal epithelial barrier function, 47 but the work is limited and needs further investigation. Contrary to our expectation, immunofluorescence analysis did not reveal any significant alterations in the expression of ZO-1 or occludin, the principal tight junction proteins responsible for preserving the integrity of the intestinal epithelial barrier. While these results do not directly support a role for cannabinoid modulation of intestinal barrier integrity, the implication of cannabinoids as modulators of barrier function, particularly as it pertains to the blood-brain barrier, warrants further investigation. 48 In summary, using a systems biology approach to understanding the impact of chronic cannabinoid treatment on gut-associated immunopathology, we identified relevant mechanisms that can potentially modulate disease progression. Our results suggest that gut immunomodulation through changes in gene expression, cytokine profiles, and immune cell populations could potentially contribute to chronic THC modulation of SIV disease progression. Moreover, they reveal novel mechanisms that may potentially contribute to decreased morbidity and mortality.
